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The importance of the microbial diversity of bioaerosols in relation to occupational exposure and work
related health symptoms is not known. The aim of this paper is to gain knowledge on the bacterial and
fungal communities in dust causing organic dust toxic syndrome (ODTS) and in reference dust not
causing ODTS. Bacterial and fungal communities were described in personal exposure samples from grass
seed workers developing ODTS, in dust generated from grass seeds causing ODTS and in dust generated
from reference seeds not causing ODTS. Amplicon sequencing of the bacterial 16S rRNA gene and the
fungal ITS region, as well as matrix-assisted laser desorption/ionization time-of-ﬂight (MALDI-TOF) were
used for identiﬁcation of fungi and bacteria in personal exposure samples and in dust samples from grass
seeds causing ODTS and in dust from reference grass seeds. Furthermore, activities of enzymes were
measured in the same samples.
The sequencing data revealed more than 150 bacterial and 25 fungal genera present in each sample.
Streptomyces spp., Aspergillus fumigatus and Rhizopus microsporus were dominating in the dust causing
ODTS but not in the reference dust. The dustiness in terms of Mucor sp. and R. microsporus were 100–
1000 times higher for problematic seeds compared to reference seeds. The bacterial species in the dust
causing ODTS included pathogenic species such as Klebsiella pneumonia and Streptomyces pneumonia, and
it contained increased concentrations of total protein, serine protease, chitinase, and β-glucosidase.
Twenty-three bacterial genera covered more than 50% of the total reads in the personal and problematic
seed dust. These 23 genera accounted for less than 7% of the total reads in the reference seed dust. The
microbial community of the dust from the problematic seeds showed great similarities to that from the
personal air samples from the workers. In conclusion, we have shown for the ﬁrst time a shift in the
microbial community in aerosol samples that caused ODTS compared to the reference samples that did
not cause the ODTS. Furthermore, elevated enzyme activities were found in the dust causing ODTS.
& 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The importance of the microbial diversity of bioaerosols in re-
lation to occupational exposure and work related health symp-
toms is not known. In occupational environments only few studies
have focused on microbial diversity in aerosols. An aerosol sample
from a poultry house was shown to contain 116 bacterial and 39
fungal genera (Nonnenmann et al., 2010), but no relation to health
effects was studied. Studies in indoor environments have shown a
signiﬁcantly higher fungal diversity and occurrence of airwayInc. This is an open access article u
atz@nrcwe.dk (A. Zervas),
elsen).symptoms amongst school children in moisture damaged schools
compared to schools without moisture problems (Meklin et al.,
2005), and factors that are associated with asthma protection also
seem to affect the proﬁle of the microbial community in house
dust (Maier et al., 2010). One of the health effects related to ex-
posure to elevated concentrations of bioaerosols is organic dust
toxic syndrome (ODTS). Outbreaks of ODTS usually occur during
events, which have been performed several times before without
development of ODTS, and are often associated with handling an
organic material, which is dustier than usual. Thus, outbreaks of
ODTS have been seen during normal work tasks with a speciﬁc lot
of grass seeds which had been stored while too wet (Madsen et al.,
2012), and during an indoor party with unusually dusty straw on
the ﬂoor (Brinton et al., 1987). Several broad measures of micro-
organisms or microbial compounds like endotoxin or total numbernder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(Madsen et al., 2012). However, it is likely that not only the ex-
posure levels, but also the composition of the microbial commu-
nities may change when a material becomes dustier than usual.
The incidence of ODTS is unknown, but in questionnaire studies
with agricultural workers (Von Essen et al., 2007), mushroom
workers (Simpson et al., 1998) and grain workers (Simpson et al.,
1998) 36%, 2.5% and 4.3%, respectively, reported a history of
symptoms consistent with ODTS. A study on an outbreak of ODTS
in workers at a Danish grass seed cleaning and packaging plant
had the advantage that personal exposure was measured during a
complete working day while work tasks with seeds that caused
ODTS were performed (Madsen et al., 2012). Furthermore, micro-
bial dustiness of the seeds causing ODTS and reference seeds not
causing ODTS were compared. Seeds causing ODTS were sig-
niﬁcantly dustier and caused a higher exposure to fungi, bacteria
and endotoxin than reference seeds did (Madsen et al., 2012). In
the present study, we investigate the microbial communities in
personal exposure samples from workers developing ODTS, and in
aerosol samples generated from the grass seeds causing ODTS and
from reference seeds. We compare the microbial communities in
the personal exposure samples with the communities in dust
generated from grass seeds using a rotating drum.
Metabolically active microorganisms and germinating spores
produce extracellular enzymes, which may be allergenic (Green
and Beezhold, 2011; Mitakakis et al., 2001; Green et al., 2003).
Thus, we aimed at targeting the culturable microorganisms, as the
respiratory health effects are expected to be more pronounced by
metabolically active microorganisms. Furthermore we measure
activities of enzymes in dust samples. Considerably more diverse
fungal as well as bacterial ﬂora have been revealed when using
culture-independent methods compared to culture-dependent
methods (Meklin et al., 2004; Pitkaranta et al., 2011). Therefore,
next generation sequencing (NGS) has also been employed to
characterize the diversity of the microbial community in our
aerosol samples. The NGS method has previously been used on
environmental samples (Bartram et al., 2011; Monard et al., 2013)
and house dust samples (Konya et al., 2014). For the identiﬁcation
of culturable microorganisms the matrix-assisted laser desorption/
ionization time-of-ﬂight (MALDI-TOF) method is used. This
method is currently used for species identiﬁcation of culturable
bacteria and fungi, mainly in nosocomial samples (Van Veen et al.,
2010; Schulthess et al., 2014).
The aim of this study is to elucidate the microbial community
composition present in the aerosols from grass seeds causing
ODTS versus in aerosols from grass seeds not causing ODTS. To
characterize the microbial communities we have used three dif-
ferent approaches; one aiming at identifying and quantifying
cultivable microorganisms using MALDI-TOF, a second approach
using Illumina based amplicon sequencing to identify the total
bacterial and fungal diversity in the samples, and a third mea-
suring activities of dust borne enzymes.2. Materials and methods
2.1. Work tasks in the grass seed facility
After only a few hours of unloading and cleaning of the lot of
problematic grass seeds workers began to experience airway
symptoms and ﬂu-like symptoms along with malaise. During the
day of exposure measurement the two workers worked with the
same seeds (problematic seeds) with the following tasks (Madsen
et al., 2012): Worker 1: Receiving and depositing the seeds in boxes; boxeson the ﬂoor were ﬁlled with seeds from a pipe.
 Worker 1 and 2: Driving fork lifts with boxes with seed to be
emptied into the cleaning machines and to the packaging
facility. Packaging seeds that have been cleaned were emptied into big-
bags or boxes by an automatized machine operated by worker
1 and 2.
All tasks were performed indoor.
2.2. Personal samples
Personal aerosol samples were taken from two workers hand-
ling the problematic seed causing ODTS; GSP (Gesamt-
staubprobenahme) inhalable samplers (CIS by BGI, INC Waltham,
MA, USA, ﬂow rate 3.5 l/min; Apex Pumps, Castella, UK) were
used; the sampling was performed during a working day of 8 h.
The two workers had agreed to continue the work with the spe-
ciﬁc lot of grass seeds that had caused ODTS in eight workers; the
workers were now wearing appropriate protective gear. Worker
1 mainly handled the seeds at the reception (unclean seeds) and at
the end of the seed cleaning process (clean seeds), while worker
2 mainly handled cleaned seeds or worked in a truck. The poly-
carbonate ﬁlters (pore size 1 mm, GEWater & Process Technologies,
Trevose, PA, USA) for dust sampling were handled using sterile
tweezers. The dust samples were after extraction stored at 80 °C
in sterile 0.05% Tween 80 and 0.85% NaCl aqueous solution with
glycerol. The samples are from a published study (Madsen et al.,
2012).
2.3. Dust from problematic and reference seeds
Four sacks of grass seeds (tall fescue, Festuca arundinacea) were
obtained from the seed company for analysis: Two sacks of the
problematic seeds (the batch of seeds handled the day the workers
developed ODTS), one uncleaned, one cleaned and two sacks of
reference seeds, one uncleaned and one cleaned. Using a rotating
drum (HSE Rotating Drum Dustiness Tester model EDT38L, JS
Holdings, Hertfordshire, UK), aerosol samples were generated
from 200 g seeds from each of the four seed sacks. Bulk samples
weighing approximately 200 g (E270 ml) were used, as suggested
in MDHS 81 (Health and Safety Laboratory, 1996). The drum was
0.3 m in diameter and equipped with eight internal longitudinal
vanes, which lifted the sample and subsequently let it fall at a rate
of 4 rpm for 1 min. The aerosols were collected as dust on ﬁlters.
For enzyme assays the dust generation and sampling was per-
formed in triplicate. After extraction, the dust suspension was
stored at 80 °C in sterile 0.05% Tween 80% and 0.85% NaCl
aqueous solution with glycerol. All dust samples are from a pre-
viously published study where methods are described in details
(Madsen et al., 2012).
2.4. Growth media and conditions
Serial dilutions were made for each of the samples and ﬁve
different media were used: 10% Nutrient Agar with cycloheximide
(NA) for the growth of bacteria (favors Actinobacteria), Dichloran
Glycerol Agar (DG18), Malt Extract Agar (MEA) and Sabouraud
Agar (SA) for cultivation of fungi, and liquid Sabouraud Growth
Medium (SGM) (Oxoid, Hampshire, England) for the MALDI-TOF
analysis of fungi. An amount of 100 μl from the last three dilution
series of each sample were inoculated in 10% NA, DG18, SA and
MEA to ﬁnd the best dilution that provides optimal coverage and
separation of the colony forming units (cfu). Actinobacteria were
grown at 25 °C and 37 °C, and fungi at 25 °C and 45 °C, all in the
dark. The Actinobacteria were incubated for at least 7 days before
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TOF. Fungi were checked after 1 and 3 days and, when the colonies
were visible, they were transferred as pure colonies to new plates,
where they were incubated for another 3 days, in order to obtain
colonies with white mycelium. For each group of microorganisms
three plates were used for each of the samples.
2.5. MALDI-TOF
The MALDI-TOF analysis was performed on an Autoﬂex III
(Bruker Daltonics, Bremen, Germany). The ethanol extraction
method was employed for bacteria, following the manufacturer's
protocol. Brieﬂy, a small amount of the bacterial colony was sus-
pended in a 70% ethanol solution, then centrifuged at 13000 g
for 2 min, the supernatant was discarded and the pellet left to dry
for 5 min at room temperature. Then, a volume of formic acid was
added to the sample and the pellet resuspended, and an equal
volume of acetonitrile was added to the suspension to neutralize
the acid. The sample was centrifuged again at 13.000 g for 2 min,
and 1 μl of the supernatant was spotted on the ground steel target
plate (Bruker Daltonics, Bremen, Germany). The droplet was set to
air dry at room temperature and then overlaid by 1 μl of matrix
(Bruker Daltonics, Bremen, Germany). When the matrix had air
dried, the sample was ready for analysis. For fungi, a more ela-
borate method was employed, which involved liquid overnight
cultures in SGM, in order to obtain sufﬁcient mycelium with no or
little spores that might interfere with the downstream processes.
The growth medium was washed out twice from the samples and
the ethanol extraction method followed as described above. The
instrument was calibrated in FlexControl using a bacterial stan-
dard (Bruker Daltonics, Bremen, Germany). The MALDI-TOF data-
base of fungi was expanded with Aspergillus penicilloides, Lewia
infectoria, Wallemia muriae and W. sebi isolated from the dust
samples and identiﬁed by Sanger sequencing.
The fungi and bacteria from the personal exposure are pre-
sented as time-weighted average exposures (cfu of the speciﬁc
species or genus/m3 air); while the dustiness of the seeds is pre-
sented as cfu of each species or genus aerosolized/kg grass seed.
2.6. Polymerase chain reaction and Sanger sequencing
Five fungal isolates that were not identiﬁed using MALDI-TOF
were sent for Sanger sequencing at Beckman Coulter Genomics
(Takeley, Essex, UK). Isolation of total DNA from the samples was
performed using the PowerSoil DNA Isolation Kit (MoBio, Co-
penhagen Biotech Supply, Copenhagen, DK) according to the
manufacturer’s protocol. Each strain grew on DG18 and a fraction
of the mycelium was used for DNA extraction. The ITS region was
ampliﬁed (700 base pairs in length) in PCR reactions using: 5 μl
10 EconTaq Buffer with Mg2þ , 0.5 μl EconTaq DNA polymerase
(Lucigen), 10 μl 1 mM dNTPs (Thermo Scientiﬁc, Lithuania), 2.5 μl
of 10 mM forward primer ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-
3′) and 2.5 μl of 10 mM reverse primer ITS4 (5′-TCCTCCGCTTATT-
GATATGC-3′) (White et al., 1990) (TAG Copenhagen, Denmark) and
24.5 μl sterile milliQ water (Merck Millipore, Germany) in 50 μl
reactions. The protocol used for the PCRs consisted of three steps:
i) initial denaturation at 95 °C for 5 min, followed by ii) 30 cycles
of denaturation for 1 min at 95 °C, annealing for 45 s at 54 °C and
elongation for 1 min at 72 °C, to end with iii) a ﬁnal elongation
step at 72 °C for 10 min and storage at 4 °C. The PCR products were
puriﬁed after running them on 1% agarose gels that contained
SYBR Safe (Life Technologies) by adding 10 μl 6 Loading dye
(Thermo Fisher Scientiﬁc, MA, USA). A 1 kb DNA ladder (Thermo
Fisher Scientiﬁc, MA, USA) was added in a separate well as re-
ference in order to identify the correct bands at 700 bp. The gels
were run on a mini-sub cell system (Bio-Rad) for 45 min at 75 V,400 mA. The bands were cut after exposure to low trans-ultra-
violet radiation on a GelDoc XRþ system (Bio-Rad) and the PCR
products were puriﬁed using the DNA Gel Puriﬁcation Kit (Thermo
Scientiﬁc, Lithuania). The concentration of each product was
measured on a Nanodrop 2000C (Thermo Scientiﬁc, Lithuania).
2.7. DNA extraction and freeze drying for next generation sequencing
Isolation of total DNA from the samples was performed using
the PowerSoil DNA Isolation Kit (MoBio) according to the manu-
facturer's protocol. The only change to the protocol is at the initial
step, where instead of loading 2 g of soil, 150 μl of the thawed
aerosol samples were loaded, after vigorous vortexing. The sam-
ples were lyophilized.
2.8. Next generation sequencing
Next generation sequencing was performed by amplicon se-
quencing (Illumina MiSeq), at Aalborg University. The variable
region v1 to v3 of the bacterial 16S rRNA gene and the fungal ITS2
region were targeted in polymerase chain reactions (PCRs) with
the primers 8F/518R and ITS3/ITS4, respectively (Caporaso et al.,
2011; White et al., 1990). Sample preparation and PCR running
conditions were as described previously for these primers except
that Platinums Taq DNA Polymerase High Fidelity (ﬁnal con-
centration of 2mU), dNTPs (400 mM) and MgSO4 (1.5 mM). The
protocol used for the ITS PCR consisted of i) initial denaturation at
95 °C for 10 min, followed by ii) 35 cycles of denaturation for 15 s
at 95 °C, annealing for 45 s at 52 °C and elongation for 30 s at
72 °C, to end with iii) a ﬁnal elongation step at 72 °C for 10 min
and storage at 4 °C. All samples were run in triplicates and pooled
after PCR. Library quality check were checked on a Tapestation
2200 (Agilent Technologies) and quantiﬁed by TECAN – Quant-iT
DNA Assay High Sensitivity kit (Life Technologies).
The 16S rRNA gene sequences were run through the 16S am-
plicon workﬂow 16S.V13.workﬂow_v1.2. The ITS2 sequences were
run on a modiﬁed 16S workﬂow couple to the QIIME/Unite
workﬂow. The UNITE fungal ITS database was used for fungal
operational taxonomic units (OTU) picking. The analysis was per-
formed with the 1–300 bases of the better quality read 1, while
read 2 data were discarded. The software package NGS QC Toolkit
v2.3 was used for sequence trimming and ﬁltering. Only sequences
of 300 bp-length, without Ns, that passed the q20 trimming were
kept. Moreover, reads that had more than 30 bases with a low q20
score were discarded as well. The run was veriﬁed using the Phix
Illumina Control, which identify the error rate of the sequences
and possible contaminations, which are removed. Mapping of the
amplicons was performed using Bowtie. For each sample, a subset
of up to 10,000 reads is converted from the fastq to fasta format,
which are then converted to the QIIME input format and inserted
into QIIME v.1.8. The resulting biom-ﬁles were imported and
analyzed in Excel with pivot tables.
2.9. Proteins
The dust suspensions were centrifuged (1000 g) for 15 min.
Total soluble protein and enzyme activities were measured in
supernatants. Total extracellular protein was quantiﬁed by the DC
protein assay (Bio-Rad Laboratories, Copenhagen, Denmark) with
bovine serum albumin as a standard. Activity of serine protease
was quantiﬁed using the method described in the Pierce Fluor-
escent Protease assay kit (Thermo Fisher Scientiﬁc USA): brieﬂy,
50 ml 0.05 M Tris buffer solution pH 8.5–9.0 and 100 ml 10 mg/ml
Fluorescein Thiocarbamoyl Casein (Thermo Fisher Scientiﬁc USA)
was added to the 50 ml test sample in a white microtiter plate and
incubated for 5 min at room temperature. Fluorescence at 538 nm
Table 1
The Shannon–Wiener and Simpson biodiversity indices and the Evenness index of
bacteria and fungi in airborne dust samples sampled in a grass seed processing
plant and generated from reference and problematic grass seed.
Workers Reference dust Problematic












2.70 2.92 2.96 2.64 2.78 3.05
Simpson index
(SID)
0.853 0.899 0.885 0.816 0.866 0.922





1.36 1.44 1.73 0.454 1.76 1.40
Simpson index
(SID)
0.564 0.678 0.719 0.166 0.738 0.634
Evenness (J) 0.451 0.445 0.559 0.159 0.559 0.468
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meter with an excitation wavelength of 485 nm. The activity of
serine protease was calculated by comparing the ﬂuorescence of
samples with that of a standard curve containing trypsin (0–5 mg/
ml).
To quantify the activities of the chitinase NAGase (EC3.2.1.30)
(at 50 °C), the cellulase β-glucosidase (EC 3.2.1.21) (at 37 °C), α-
amylase (EC 3.2.1.1) (at 37 °C), α-xylosidase (EC 3.2.1.177) (at 50 °C)
and β-xylosidase (EC 3.2.1.37) (at 50 °C) release of p-nitrophenol
from p-nitrophenol-N-acetyl-β-D-glucosaminide; p-nitro-phenol-
N-acetyl-β-D-glucopyranoside; 2-chloro-4-nitrophenyl-β-D-mal-
toheptaoside, p-nitrophenyl-α-D-xylopyranoside or p-nitrophenyl-
β-D-xylopyranoside (Sigma Chemical Co. USA) was quantiﬁed
(Madsen et al., 2006; Chapla et al., 2010). Appropriate controls
without either the enzyme or the substrate were run simulta-
neously. Reactions were terminated and a yellow color developed
following the addition of 50 μl 0.4 M Na2CO3 to each well. Ab-
sorbance was measured at 405 nm. One unit of enzyme activity is
deﬁned as the amount of enzyme which releases 1 μmol of p-ni-
trophenol/ml dust suspension/min. Activities are expressed as
pmol/s/kg seed or per m3 air.
2.10. Treatment of data
The ﬁles retrieved from Sanger sequencing were analyzed
using CLC Main Workbench v.7 and its nucleotide BLAST function
(CLC Bio – Qiagen, Aarhus, Denmark) using NCBI's nucleotide se-
quence collection limited to the kingdom of Fungi. The spectra that
belonged to unidentiﬁed fungi were compared to each other to
reveal possible matches using the Biotyper 3 software (Bruker
Daltonics, Bremen, Germany). The pivot tables retrieved from the
NGS analyzes were further analyzed in Excel by means of the
Shannon–Wiener (H), the Simpson (SID), the Evenness (J), and the
Jaccard indices. The heat maps were created using the relative
abundance of each genus compared to its respective relative
abundance in the other samples. The colors on the heat maps
represent the relative abundance of each taxon compared to the
abundance of the same taxon in the remaining samples. For each
row, the rule applied identiﬁes the highest (bright red) and the
lowest (dark blue) values and assigns a color gradient for the re-
maining values. The midpoint (white) is set to the 1st quartile of
the values on each row. The numbers in the heat maps are pre-
sented with two signiﬁcant digits. Analysis of variance (t-test,
PROC ANOVA) was used on the lognormally distributed data to test
the signiﬁcance of the differences between the seed dust samples
with regard to concentrations of the different proteins.3. Results
3.1. Next generation sequencing for bacteria
Excluding the controls, we obtained a total of 45,786 and
47,861 high-quality reads assigned to the fungal and bacterial
kingdoms, respectively. The NGS data reveal the highest diversity
in the dust from the problematic seeds before cleaning, with a
Shannon–Wiener index, Simpson index and Evenness value of
3.052, 0.922 and 0.673, respectively (Table 1). In each sample there
were at least 150 bacterial genera (data not shown). The number of
reads of each genus, which can act as a measure of relative
abundance within each sample, varies. Table 1 shows the extent of
the diversity in each sample, taking into consideration the number
of genera and the number of reads of each genus. The Jaccard in-
dex is used as means of pairwise comparison of the samples, and
high similarity is found for the dust samples from the two workers
and the problematic seed dust (Table 2).Twenty-three bacterial genera covered more than 50% of the
total reads in the personal and problematic seed dust. These 23
genera accounted only for 2.3% and 6.4% in the reference seed dust
before and after seed cleaning, respectively (Table 3). Furthermore,
24 other genera and species were encountered in higher percen-
tages in the reference seed dust samples (Table 4). In turn, these
24 genera comprise 35% and 41% of the total reads in the reference
seed dust before and after cleaning, respectively, while they ac-
count for less than 6.5% in the remaining samples. Some bacteria
were identiﬁed to species level, and different species were found
in the samples from the two workers and dust from the proble-
matic seeds, compared to dust from the reference seeds (Table 5).
The percentages of the phyla Bacteroidetes and Proteobacteria
were low in dust from the cleaned seeds, while the ones of Acti-
nobacteria were higher (Fig. 1). Moreover, there appear to be more
Firmicutes in the personal samples from the workers compared to
in dust from both the reference and problematic seeds.
3.2. Next generation sequencing for fungi
In total 25 fungal genera were found. The diversity and the
evenness of the genera were highest for the dust from clean seeds
(Table 1). The pairwise comparison shows that the fungal com-
munity of the bioaerosol samples of the two workers is almost
identical to that of the dust from the problematic seeds before
cleaning (Table 6). The highest numbers of reads for the proble-
matic dust and the workers belong to Aspergillus fumigatus and the
genera Rhizopus, Mucor and Lichtheimia (Table 7). The last four
belong to the phylum of Zygomycota. The data from the unclean
reference seed dust show a high prevalence of the genus Clados-
porium (Table 8).
3.3. MALDI-TOF for bacteria
The bacterial species, as identiﬁed using the MALDI-TOF ap-
proach, are presented as personal exposures and bacterial dusti-
ness (Table 9). Abundant genera in the personal exposure and
problematic seed dust samples were Streptomyces species (in-
cluding S. albus, S. hirsutus, S. lavendulae and S. phaeochromogenes),
Bacillus species (including B. cereus, B. licheniformis, B. subtilis),
Clostridium species (including C. difﬁcile), Lactobacillus species
(including L. paracasei) and Staphylococcus species. The proble-
matic seeds before cleaning showed the highest dustiness in terms
of viable bacteria-500 times higher than dustiness of the reference
Table 2
Pairwise comparison of biodiversity of six airborne dust samples from a grass seed plant and generated from grass seeds based on the Jaccard index for the 16S rRNA gene
sequences of bacteria.
Jaccard index of similarity based on the 16S rRNA gene sequences
Workers Reference dust Problematic dust
Dust from 1 2 seeds - clean seeds - unclean seeds - clean seeds - unclean
Worker 1 – 0.535 0.429 0.414 0.472 0.553
Worker 2 – 0.438 0.438 0.442 0.646
Reference seeds – clean – 0.539 0.465 0.514
Reference seeds – unclean – 0.521 0.507
Problematic seeds – clean – 0.709
Problematic seeds – unclean –
Table 3
Heat map of the bacterial genera that are found in higher reads in the dust samples from workers 1 and 2 and the problematic dust that are at the same time in lower reads
in the reference dust.
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Table 4
Heat map of the bacterial genera that are found in lower reads in the dust samples fromworkers 1 and 2 and the problematic dust that are at the same time in higher reads
in the reference dust.
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Klebsiella pneumonia, Kytococcus sp. and Cellulosimicrobium cellu-
lans were found in dust from problematic seeds but not from re-
ference seeds.3.4. MALDI-TOF for fungi
The fungal species in the six dust samples were identiﬁed only
after cultivation on the DG18 plates as MEA and SA resulted after
the second day of incubation in overgrowth of zygomycetes. The
data are presented as time-weighted average exposures and as
fungal dustiness of the seeds (Table 10). The similarity of the
samples was higher for the two workers and dust from theproblematic seeds, where the fungal community was mainly
comprised of Aspergillus fumigatus, Mucor sp., Penicillium ca-
memberti and Rhizopus microsporus. Some fungi, like the slow
growing fungus Wallemia muriae, were only found in the aerosol
samples from reference seeds, while other, like Penicillium ca-
memberti was only found in aerosols from the problematic seeds.
The dustiness in terms ofMucor sp. and Rhizopus microsporuswere
100 to 1000 times higher for problematic seeds compared to re-
ference seeds (Table 10).
3.5. Proteins
The exposure levels to different enzymes (activities) were
Table 5
Bacterial genera and species identiﬁed by next generation sequencing encountered in very different reads in dust samples from the two workers and dust generated from the
problematic seed batch versus in dust from the reference seeds.
Bacterial genera Identiﬁed species Pathogenicity Gram Literature
Dust from problematic seeds
before and after cleaning
and personal samples
Achromobacter Some are opportunistic pathogens; found in
water and soils; some species used as plant
growth promoters
– (Chandrasekar et al., 1986)
Acinetobacter A. baumanii Soil bacterium; mainly A. baumanii, pathogenic
strains can affect the respiratory system
– (Dijkshoorn et al., 2007)
Bacillus B. cereus, B. licheniformis B. cereus can be a human pathogen, while B.




Commensal of the human gastroenteric tract,
opportunistic human pathogens
þ (Jett et al., 1994)
Erwinia Plant pathogen; human infections – (Starr and Chatterjee, 1972)
Klebsiella Routinely found in the human nose, mouth, and
gastrointestinal tract as normal ﬂora; some
species infect the respiratory and urinary tract
– (Podschun and Ullmann,
1998)
Ochrobactrum O. intermedium A severe human pathogen – (Teyssier et al., 2005)
Sphingobacterium S. multivorum Human pathogen; resistant to drugs – (Freney et al., 1987)
Staphylococcus S. sciuri Widespread in nature; infects mainly hospita-
lized patients; high morbidity and mortality
þ (Stepanovic et al., 2003)
(Novakova et al., 2006)
Streptomyces S. pneumonia Human pathogen þ (Dunne et al., 1998)
Dust from reference seeds be-
fore and after cleaning
Clavibacter C. michiganensis Plant pathogen þ (Purcell and Hopkins, 1996)
Devosia Soil bacteria – (Yoon et al., 2007)
Exiguobacterium Soil bacteria þ (Vishnivetskaya et al., 2009)
Flavobacterium F. succinicans Fish pathogen – (Bernardet and Bowman,
2006)
Frigoribacterium Close relative of Clavibacter þ (Dastager et al., 2008)
Hymenobacter Grass-soil bacterium – (Buczolits et al., 2006)
Janthinobacterium J. lividum Antifungal activity; rare human pathogen – (Patjanasoontorn et al., 1992;
Brucker et al., 2008)
Kineococcus Soil or plant-associated bacterium þ (Bian et al., 2012)
Luteimonas Plant pathogen; include species that can cause
human infections
– (Health Protection Report,
2014)
Methylobacterium M. adhaesivum Rare plant pathogen – (Widholm, 1996)
Pedobacter P. cryoconitis Soil bacterium – (Steyn et al., 1998)
Propionibacterium P. acnes Cutaneous ﬂora of humans, non-pathogenic þ (Brüggemann et al., 2004)
Rathayibacter Plant pathogen þ (Zgurskaya et al., 1993)
Sphingomonas S. asaccharolytica, S.
wittichii
Rare human pathogen, also associated with
plants
– (Dervisoglu et al., 2008; Kim
et al., 1998)
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protein and different enzymes were found in the dust causing
ODTS (Table 11). Thus, signiﬁcantly higher activities of all six en-
zymes were found in aerosols generated from seeds causing ODTS








Relative abundance of the main b
Worker 1
Worker 2
Reference seeds - clean
Reference seeds - uncle
Problematic seeds - clea
Problematic seeds - unc
Fig. 1. The relative abundances of the four main bacteri4. Discussion
In this article we have shown that aerosols from the seeds that
caused ODTS in workers at a Danish grass seed cleaning and
packing unit had a different microbial composition than aerosols





al phyla as revealed by next generation sequencing.
Table 6
Pairwise comparison of the biodiversity of two dust samples from grass seed
workers and four dust samples generated from grass seeds based on the Jaccard
index for the ITS2 region of fungi.
Jaccard index of similarity based on the ITS sequences
Workers Reference dust Problematic dust








Worker 1 – 0.769 0.720 0.652 0.760 0.850
Worker 2 – 0.741 0.680 0.680 0.920
Reference seeds –
clean










Values in bold are the highest similarities.
Table 7
Heat map of the fungal genera that are found in higher reads in dust from workers 1 an
dust.
Table 8
Heat map of the fungal genera that are found in higher reads in the reference dust that
from the problematic dust.
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veloping ODTS resembled aerosols from the grass seeds causing
ODTS in terms of microbial composition. The shift in the microbial
community in this study is mainly a result of the elevated con-
centrations of speciﬁc bacterial and fungal genera in the dust from
the problematic seeds, compared to those from the reference
seeds. Thus, some species were aerosolized in concentrations up to
1000 times higher from the problematic seeds than from the re-
ference seeds. Furthermore, some species such as e.g. Bacillus
subtilis and Fusarium solani were only aerosolized from reference
seeds. Other species such as Klebsiella pneumonia and A. fumigatus
were only present in aerosols from the seeds causing ODTS (Ta-
bles 9, 10). The microorganisms K. pneumonia and A. fumigatus are
known human pathogens of the respiratory tract (Latge, 1999;
Podschun and Ullmann, 1998). However, exposure to A. fumigatus
seems to be common in occupational settings where organic
material is handled (Madsen, 2006; Nadal et al., 2009). Zygomy-
cetes dominated in the problematic dust, and some species be-
longing to the genera Rhizopus, Mucor and Lichtheimia includingd 2 and the problematic dust that are at the same time in lower reads in reference
are at the same time in lower reads in the dust samples from workers 1 and 2 and
Table 9
Time-weighted average personal exposure to bacteriaa (cfu/m3 air) and dustiness of grass seeds in terms of bacteriaa aerosolized per kg seed; identiﬁcation by MALDI-TOF.
Bacteria Species Exposure cfu/ m3 air Dustiness cfu/kg grass seed










Agromyces sp. 1.30106 5.70105 1.50104 bd 2.00104 3.00107
Arthrobacter sp. 5.99105 2.96105 bd 3.00104 3.00106 Bd
Cellulosimicrobium cellulans 4.09106 4.1105 bd bd 4.50106 9.80106
Kytococcus sp. 1.50106 7.1105 bd bd 1.50106 9.50106
Microbacterium sp. 3.41105 2.1105 bd bd 3.00104 3.00104
Micrococcus luteus 6.80105 6.96105 5.70103 1.00104 1.50104 1.50104
Rhodococcus erythropolis 8.61105 3.14105 8.00103 1.20104 4.50106 9.20106
Streptomyces albus bd bd bd bd 4.00104 1.50107
Streptomyces hirsutus 1.00106 8.10105 bd bd 4.00106 3.00107
Streptomyces lavendulae bd bd bd bd 6.00105 8.00105
Streptomyces phaeochromogenes bd bd bd bd 2.00106 1.50107
Streptomyces sp. 2.10106 1.48106 7.50104 1.35105 1.05107 2.10108
Total Actinobacteria 1.35107 6.12 106 1.04105 1.87105 3.07107 3.29108
Firmicutes
Bacillus cereus 1.60106 4.15105 1.00104 1.50104 4.50104 1.50106
Bacillus licheniformis 2.10106 3.55106 bd 4.50104 2.25106 3.00107
Bacillus subtilis 3.00105 bd 1.50104 9.00104 bd bd
Bacillus sp. 5.99105 1.18106 4.50104 1.05105 bd 3.00107
Clostridium difﬁcile 1.20106 5.91105
Clostridium sp. 1.80106 5.91105 3.00104 4.50104 4.50106 1.50107
Enterococcus casseliﬂavus bd bd bd bd 1.50106 bd
Filifactor sp. 1.80106 5.91105 1.50104 7.50104 3.00104 1.50107
Lactobacillus paracasei 8.99105 2.96105
Lactobacillus sp. 4.50106 2.96106 4.50104 1.50105 6.00106 Bd
Macrococcus caseolyticus 3.12105 bd 4.00103 4.64103 Bd 1.00104
Sphingomonas cerolata bd bd Bd 1.00104 Bd bd
Staphylococcus epidermis, capitis, pasteuri, sp. 1.21106 4.26105 Bd bd 1.50104 1.55107
Total Firmicutes 1.63107 1.06107 1.64105 5.40105 1.30107 1.07108
Proteobacteria
Klebsiella pneumonia bd bd bd bd 3.50106 1.50107
Pantoea agglomerans 2.33105 Bd 1.50104 bd 1.50106 bd
Pseudomonas sp. bd bd 1.50104 bd bd bd
Rhizobium radiobacter bd bd bd bd 1.00104 6.00104
Total Proteobacteria 2.33105 bd 3.00104 bd 5.00106 1.50107
Unidentiﬁed 3.00105 8.87105 3.00104 3.00104 4.50106 3.00107
Total 2.87107 1.65107 3.20105 7.52105 5.45107 4.82108
Bd¼below detection limit¼ below 1104 cfu/m3 or 2.0103 cfu/kg,
a Bacteria able to grow on 10% Nutrient agar.
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2012).
The relative read abundance (heat maps) does not correlate
absolutely with biological abundance in the samples, but it is lo-
gical that high reads correspond to high concentrations in the
samples for the respective taxa (Amend et al., 2010). There is
documented variation in the gene copy number of the rRNA gene
sequences of bacteria (Lee et al., 2009b) and fungi (Rooney and
Ward, 2005). In this study, the heat maps were generated by
comparing the proportional abundances of each speciﬁc taxon in
the different samples, thus eliminating any variation in the gene
copy number between the different taxa. We speculate that the
etiological agents of ODTS include the microbial taxa that are
present at high relative abundances in the problematic dust and
the personal exposure samples, while they are in low relative
abundances in the reference dust. When identiﬁed by sequencing
the most abundant bacteria in the personal exposure samples as
well as in the dust from the problematic seeds belong to Strepto-
myces and Bacillus (Table 3). The most abundant culturable bac-
teria identiﬁed by MALDI-TOF in the personal exposure samples as
well as in the problematic dust belong to the genera Bacillus
(mainly Bacillus licheniformis), Staphylococcus and Streptomyces(Table 9). The most abundant fungi in the problematic dust were A.
fumigatus, Mucor sp. and R. microsporus.
Some of the fungi found in the dust samples are able to ger-
minate or grow at 32 °C or even 37 °C. Examples are Alternaria
alternata, Aspergillus fumigatus and R. microsporus; thus these fungi
might have germinated in the airways of the workers and extra-
cellular enzymes might have been produced and affected the
workers. In the dust samples, microbial enzymes were found, and
increased concentrations of total protein, serine protease, NAGase,
β-xylosidase and β-glucosidase were found in the dust causing
ODTS. It is well-known that microorganisms, including species
found in the grass seed dust, can produce these extracellular en-
zymes during growth and spore germination (Hearn et al., 1998;
Lahoz et al., 1976; Shen et al., 2007; Knutsen et al., 2012; Messner
et al., 1991), and that some commercially used microbial enzymes
can cause respiratory health effects (Cullinan et al., 2001; Houba
et al., 1996; Doekes et al., 1999; Basketter et al., 2012). It is likely
that the elevated levels of airborne microbial enzymes were in-
volved in the development of ODTS.
NGS data showed that the bacterial community in the personal
air samples was dominated by Actinobacteria (58% and 44%), fol-
lowed by Firmicutes (20% and 27%) and Proteobacteria (18% and
Table 10
Time-weighted average personal exposure to fungi (cfu per m3 air) and dustiness of grass seeds in terms of aerosolized fungi per kg seed; identiﬁcation by MALDI-TOF.
Exposure cfu/m3 air Dustiness cfu/kg grass seeds
Worker Reference Problematic
Fungal species 1 2 Seeds - clean seeds - unclean seeds - clean seeds - unclean
Alternaria alternate 1.92104 3.32104 bd bd 3.00105 3.00106
Aspergillus fumigatus 2.10106 1.48106 bd bd 7.50105 9.00106
Aspergillus glaucus 5.99105 bd 7.50103 3.00104 bd bd
Aspergillus nidulans bd 1.19106 1.50104 bd bd bd
Aspergillus niger bd bd bd bd bd 3.00106
Aspergillus penicilloides bd bd bd 1.50104 bd bd
Aspergillus versicolor bd 8.90105 1.50104 bd 3.00105 3.00106
Cladosporium sp. 2.10104 2.41104 bd bd 4.50105 1.50106
Cryptococcus neoformans bd bd 5.20104 4.91104 1.21104 1.02104
Eurotium amstelodami/ Aspergillus amstelodamia bd bd 1.50104 bd bd bd
Fusarium solani bd bd 7.50103 bd bd bd
Lewia infectoria bd bd bd 3.00104 bd bd
Mucor sp. 1.20106 1.19106 bd 2.50103 4.50105 4.50106
Penicillium brevicompactum 6.20105 1.11104 9.50103 2.04104 6.50105 4.50105
Penicillium camemberti 1.50106 1.48106 bd bd 3.00105 4.50106
Penicillium chrysogenum 8.99105 bd 2.30104 7.50104 1.50105 3.00106
Penicillium commune 3.81104 1.13104 7.50103 1.50104 bd bd
Penicillium glabrum bd bd 1.50103 3.00103 4.06104 6.11104
Penicillium sp. bd bd bd 6.00104 bd bd
Phoma sp. bd bd bd bd 4.90104 8.11104
Rhizopus microspores 1.20106 1.78106 1.50104 3.00104 9.00105 7.50106
Wallemia muriae bd bd 7.50103 1.50104 bd bd
Wallemia sebi 3.00105 bd 1.50104 bd bd bd
Total 7.82106 8.06106 1.30105 3.00105 3.60106 3.90107
Bd¼below detection limit¼ below 1104 cfu/m3 or below 2.0103 cfu/kg.
a Eurotium amstelodami is the teleomorph of Aspergillus amstelodami; Isolates of E. amstelodami, A. amstelodami and A. glaucus are closely related and currently difﬁcult to
distinguish on species level.
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teria were dominated by Actinobacteria (47% and 37%) and Fir-
micutes (57% and 64%) (Table 9). Several studies have been per-
formed concerning the bacterial community in outdoor air, and
Proteobacteria are often the dominating group (Robertson et al.,
2013; Jeon et al., 2011; Maron et al., 2005); thus, outside a hospital
in France, the bacterial community was dominated by Proteo-
bacteria (60%) followed by Firmicutes and Actinobacteria (14% and
12% respectively). In a pig conﬁnement building, Firmicutes was
dominating while Actinobacteria constituted 10% (Kristiansen
et al., 2012). It is evident that the bacterial community of the grass
seeds dust is quite different than in the mentioned studies.
Through the normal cleaning of grass seeds occurring at the
grass seed plant the percentages of Proteobacteria and Bacter-
iodetes decrease in the dust released from the seeds, while that of
Actinobacteria increases relative to the total amount (Fig. 1). Per-
centages of Firmicutes remained constant and were much lower
compared with the personal exposure samples. The ActinobacteriaTable 11
Dustiness of grass seeds in terms of aerosolized soluble proteins per kg seed and work









Total protein mg 0.91 0.45 6.1d* 28c
Serine
protease
mg 4.8 2.4 14c 19bc
NAGase pmol/s 30 13 37c 81b
α-amylase pmol/s 9.7 9.1 38b 43b
β-xylosidase pmol/s 15 8.6 30c 57bc
α-xylosidase pmol/s 8.4 7.7 31b 37ab
β-glucosidase pmol/s 30 14 40d 174b
* Numbers in the same row followed by the same letter are not signiﬁcantly differeseem thus to be removed to a lesser degree by the cleaning pro-
cess compared with the other phyla, which may explain the ele-
vated percentage of the phylum in both personal exposure sam-
ples. Worker 1 handled the problematic lot both before and after
cleaning, while worker 2 mainly handled it after cleaning and a
higher percentage of Actinobacteria was found in the sample from
worker 1.
The bacterial community in the dust samples is diverse, with
more than 150 genera present in each sample. The Shannon–Wi-
ener index is between 2.6 and 3.1 and the Simpson index is above
8.2 for all samples. That signiﬁes that the majority of the bacteria
are in similar relative abundances, with a few genera present in
much higher and lower relative abundances, which is also shown
from the Evenness index that is around 0.6 for all samples. In one
study Asian dust samples displayed a low biodiversity (Shannon–
Wiener index¼0.5 and Simpson index¼0.3) (Lee et al., 2009a) and
in another a high diversity (Shannon–Wiener index¼3.5,
Evenness¼0.9) (Jeon et al., 2011). With a total of 24 genera in theers' exposure to proteins.
eeds - Problematic dust seeds -
clean
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terial (Table 1). The evenness values for all samples are lower than
for bacteria, revealing dominance of few genera. In the case of the
reference seeds before cleaning, the fungal community is domi-
nated by Cladosporium (91% of the reads). This must be due to a
sampling or sequencing bias as such a ﬁnding is not backed up by
the plate counts and MALDI-TOF measures.
The values of each index (H, SID, J) in the aerosol samples
provide initial evidence of the successful and realistic aerosoliza-
tion of bacteria and fungi, when aerosols were generated from
grass seeds using the rotating drum. Two workers were willing to
perform the task that caused ODTS, taking suitable protection
measures. In cases where this is not an option, the rotating drum
may provide a useful solution for generating bioaerosol from the
source that caused e.g. ODTS, without exposing the workers. A
rotating drum has previously been used to study microbial dusti-
ness of biofuel (Madsen et al., 2004), compostable waste (Breum
et al., 1997) and animal bedding material (Kaliste et al., 2004).
Microbial proﬁling using MALDI-TOF spectra can be applied to
the microorganisms that can be grown under laboratory condi-
tions. The Bruker Biotyper offers a large amount of spectra for
identifying microorganisms, but a smaller fraction corresponds to
Actinobacteria and fungi. In this study 94% of the bacterial isolates
were identiﬁed by MALDI-TOF. We used a cut-off of 1.7–1.9 for
genus identiﬁcation and above 1.9 for species identiﬁcation. In
many cases a single score of more than 1.7 was obtained for the
sample, with the next best match scoring less than 1.3 (data not
shown). For the genus Streptomyces, for example, most of the
spectra were matched against Streptomyces hirsutus. However,
when the obtained score was between 1.7 and 1.89 we chose to
assign only the genus-though another study has shown that scores
of Z1.7 have correct identiﬁcation at species level for 95% of 273
isolates (Kaleta et al., 2011). Other studies have shown both higher
and lower identiﬁcation efﬁciency than found for bacteria in grass
seed dust. In one study 927 microorganisms were tested three
times identifying 85% of the samples to species level (Neville et al.,
2011). In another study 317 bacteria were tested, of which 312
(97.4%) were identiﬁed in the genus level (Carbonnelle et al.,
2012). In both studies the samples were of nosocomial origin and
did not contain many Actinobacteria.
For fungi we were able to identify 97.7% of the fungi grown on
DG-18 by MALDI-TOF. Of the unidentiﬁed fungi, 10 could be
identiﬁed to species level and two to genus level by Sanger se-
quencing. Interestingly, one fungus that was identiﬁed as Peni-
cillium camemberti by MALDI-TOF, but with a too low score (1.73),
was identiﬁed as the same species with Sanger sequencing. The
two samples that were identiﬁed only to the genus level belonged
to Penicillium, and their BLAST output gave positive matches of the
same value and score for more than one species. Accurate species
identiﬁcation of the speciﬁc genus usually requires sequencing of
other markers, like the β-tubulin gene, growth on different sub-
strates and analysis of secondary metabolites, or extrolites (Frisvad
and Samson, 2004). Evidently, for some fungal and bacterial iso-
lates it is possible to lower the threshold for species identiﬁcation
down to 1.7 (Kaleta et al., 2011). The biodiversity at genus level of
the samples as revealed by MALDI-TOF is lower than what the NGS
data show. The MALDI-TOF method, on the other hand, identiﬁed
many fungi and bacteria at the species level. With MALDI-TOF only
fungi which were able to germinate and form colonies on DG-18
agar plates are targeted. We used DG-18 agar plates as they have
been used before to measure fungi in the working environment
(Madsen et al., 2012) and as they have been proven to be good for
cultivating airborne fungi both in terms of quantity and number of
different genera (Wu et al., 2000).
In conclusion, we have shown for the ﬁrst time a shift in the
microbial community in aerosol samples that caused ODTScompared to the reference samples that did not cause the ODTS.
Streptomyces species and Aspergillus fumigatus and Rhizopus mi-
crosporuswere dominating in the dust causing ODTS. Furthermore,
the dust causing ODTS had increased concentrations of total pro-
tein and different microbial enzymes. The microbial community of
the dust from the problematic seed batch showed great simila-
rities to that from the personal air samples from the workers,
which was most prominent for fungi and their relative abun-
dances. The sequencing data reveal a vast diversity in the micro-
bial community, and especially the bacterial community was di-
verse, with more than 150 genera present in each sample. The
species in the dust causing ODTS included human pathogenic and
potentially pathogenic species. Using cultivation and MALDI-TOF it
was possible to identify bacterial and fungal species in dust sam-
ples and calculate their concentration in the air sampled; this can
be used as a step towards establishment of levels of exposure to
speciﬁc species causing ODTS. Through this work we have shown
that the rotating drum can successfully aerosolize bacteria and
fungi from the source of exposure, simulating an in situ exposure
when a speciﬁc task is being performed, providing comparable
and reproducible data. Its importance is even more evident in
cases where the same task that caused a speciﬁc problem cannot
be performed again, but the speculated source of the problem is
still available for analysis.Conﬂict of interests
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